Abstract The goal of this study was to investigate whether insulin-like growth factor binding protein-3 receptor (IGFBP-3 receptor) is required for IGFBP-3 to inhibit retinal endothelial cell (REC) apoptosis. REC were grown in normal glucose (5 mM) or high glucose medium (25 mM) for 3 days. Once cells reached confluence, they were transfected with an endothelial-specific IGFBP-3 plasmid DNA (non-IGF binding; IGFBP-3 NB) at 1 lg/ml for 24 h. Cell proteins were extracted and analyzed for IGFBP-3 receptor expression by Western blotting or use in coimmunoprecipitation or co-localization experiments for detection of IGFBP-3 and IGFBP-3 receptor binding. REC were also transfected with or without IGFBP-3 receptor siRNA before IGFBP-3NB plasmid DNA transfection. Cell lysates were processed for a cell death ELISA, a cleaved caspase 3 ELISA, and Western blotting to measure key pro-and anti-apoptotic markers: Bcl-xL, Bax, Cytochrome C and Akt. The IGFBP-3 receptor is present on REC. Overexpression of IGFBP-3 in REC significantly increased protein levels of IGFBP-3 receptor (p \ 0.05). Significant increases in cell death were found in cells transfected with IGFBP-3 receptor siRNA versus not treated samples (p \ 0.05). Data suggest that IGFBP-3 inhibits retinal endothelial cell death through activation of an IGFBP-3 receptor in a hyperglycemic environment. This is the first demonstration of the involvement of IGFBP-3 receptor in inhibition of REC cell death. Future studies will investigate the mechanism by which IGFBP-3 receptor may inhibit retinal endothelial cell death.
Introduction
Insulin-like growth factor binding protein 3 (IGFBP-3) is the predominant IGFBP family member to carry insulinlike growth factor 1 (IGF-1) in the circulation [1] . IGFBP-3 can bind the circulating IGF-1 with high affinity and specificity, modulate IGF-1 action by increasing IGF halflife or inhibiting its function by sequestering the peptide and preventing IGF binding to its receptor [1, 2] . IGFBP-3 has also been recently reported to have direct intrinsic actions by binding to several addition molecules and function independent of IGF-1 [3] . IGFBP-3 can be induced by tumor necrosis factor-a, transforming growth factor beta (TGF-b), vitamin D, retinoids, and anti-estrogens [4] [5] [6] [7] . It can modulate cell proliferation by adjusting levels of p53, preventing DNA damage, and modulating NF-jB activities [8, 9] . These cumulative reports have suggested that IGFBP-3 has important biological significance in controlling cell growth, transformation and survival, independent of its actions on IGF-1 regulation. However, the underlying molecular mechanisms involved in these biological actions remain to be characterized.
IGF-1 and IGFBP-3 have been reported to block both physiologic and pathologic angiogenesis in diseases such as diabetic retinopathy [10] [11] [12] . It was reported that abnormally low levels of IGF-1 and IGFBP-3 were found in the serum of diabetic patients compared to controls; IGF-1 and IGFBP-3 levels decreased significantly with age in diabetic patients [13] . Some have suggested that a rescue of IGFBP-3 may prevent the progression of diabetic retinopathy [14] . Previously, we found that IGFBP-3 decreases apoptosis in retinal endothelial cells in high glucose [15] ; which was in agreement with other studies demonstrating that IGFBP-3 is neuroprotective, anti-apoptotic, and antiinflammatory after retinal injury [16] . Although IGFBP-3 was found to have protective role in retinal vessels, a paucity of information exists regarding the mechanism of action of IGFBP-3.
The structure of IGFBP-3 contains three distinct domains: a conserved N-terminal domain, a high variable mid-region, and a conserved C-terminal domain, as well as additional subdomains or functional motifs that may contribute to IGFBP-3 actions [17] . It has been found that binding between IGFBP-3 and cell surface proteins is specific and involves an interaction with glycosaminoglycans [18] , located in the mid-region of IGFBP-3 [19] . Recent evidence suggested that IGFBP-3 has been functioned as a ligand for serine/threonine kinase type V TGF-b receptor (TGF-bRV). Furthermore, TGF-bRV/IGFBP-3 interactions activate cell signal pathways to modulate cell growth [20, 21] . TGF-bRV was found to be identical in function to the IGFBP-3 receptor, which mediates the IGF-independent growth response on stimulation of IGFBP-3 in responsive cells [22] . TGF-bRV was also found to have the same structure as lowdensity lipoprotein receptor-related protein-1 (LRP-1) [23] . It was reported that LRP-1/TGF-bRV/IGFBP-3 receptor is required for the growth inhibitory response to IGFBP-3 and TGF-b 1 in H1299 human lung carcinoma cells [23] .
In this study, we investigated the presence of the IGFBP-3 receptor in inhibiting cell death related to diabetic retinopathy. We report that a loss of IGFBP-3 receptor levels results in a reduction of IGFBP-3's anti-apoptotic actions on REC cell growth in high ambient glucose, as assessed through IGFBP-3 receptor siRNA transfection.
Materials and methods

Reagents
Total and phosphorylated Akt (Ser 473), Cytochrome C, Bax, and Bcl-xL antibodies and a cleaved caspase 3 ELISA were purchased from Cell Signaling (Danvers, MA). Protein A/G PLUS-Agarose beads, IGFBP-3 antibodies (antimouse), IGFBP-3 receptor antibodies and actin antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). IGFBP-3 antibodies (anti-rabbit) were bought from Upstate (Lake Placid, NY). DyLight 594 goat antirabbit IgG antibodies were bought from Vector labs (Burlingame, CA). Human IGFBP-3 immunoassay ELISA kit was purchased from R & D Systems (Minneapolis, MN). Human LRP-1 siRNA and non-targeting siRNA # 1 were purchased from Dharmacon RNAi Technologies (Chicago, IL). FITC-goat anti-mouse IgG (H ? L) antibodies, RNAimax and Lipofectamine 2000 were purchased from Invitrogen (Carlsbad, CA). Secondary anti-mouse and anti-rabbit antibodies conjugated with horseradish peroxidase were purchased from Promega (Madison, WI). ECL for immunoblot development and signal detection was purchased from Amersham Biosciences (Piscataway, NJ, USA). IGFBP-3 NB plasmid DNA is a gift from Dr. Maria B. Grant (University of Florida). Cell death ELISA kit was bought from Roche (Mannheim, Germany).
Cell culture
Primary human retinal microvascular endothelial cells (REC) were acquired from Cell System Corporation (CSC, Kirkland, Washington). Cells were grown in M131 medium containing microvascular growth supplements (Invitrogen) (MVGS), 10 lg/ll gentamycin and 0.25 lg/ll amphotericin B. In the high glucose condition, cells were transferred to high glucose (25 mM) (Cell Systems) medium, supplemented with MVGS and antibiotics for 3 days. To test whether osmolarity is a factor in the changes studied, we treated some cells with M131 medium containing 25 mM mannitol, supplemented with MVGS and antibiotics for 3 days. Only primary cells within passages 6 were used. Cells were quiesced by incubating in high or normal glucose medium without growth factors for 24 h and used to perform the experiments unless otherwise indicated.
Transfection of siRNA and plasmid DNA ON-TARGETplus SMARTpool, human LRP-1 siRNA were purchased from Dharmacon, Inc. We used 4 sets of siRNA target sequences of GCGAAGGCAUUGUGU GUUC, GCACCAUUCUCAAGAGUAU, GCGCAUCGA UCUUCACAAA and GAACAAACACACUGGCUAA in LRP-1. siCONTROL Non-targeting siRNA #1 (Dharmacon) was used as a nonspecific control. REC were transfected with siRNA at a final concentration of 20 nM using RNAiMAX transfection reagent according to the manufacturer's instructions. The cells were used for experiments 24 h after transfection. The cells were also transfected with IGFBP-3 NB plasmid DNA at 1 lg/ml using Lipofectamine 2000, according to the manufacturer's instructions. The cells were used for experiments 24 h after transfection.
ELISA analysis
An ELISA for IGFBP-3 levels was performed using an IGFBP-3 ELISA assay kit according to the manufacturer's instructions to evaluate the IGFBP-3 expression following transfection with IGFBP-3NB plasmid DNA under normal or high glucose conditions. Cleaved caspase 3 was detected by ELISA to evaluate cell apoptosis under specific conditions, as recommended by the manufacturer. Cell death ELISA analyses of whole cell pellets were used to quantify apoptosis. For all ELISA analyses, equal protein amounts were loaded into each well, allowing for comparisons using optical density (O.D.).
Western blot analysis
After appropriate treatments and rinsing with cold phosphate-buffered saline, REC were scraped into lysis buffer containing the protease and phosphatase inhibitors. Equal amounts of protein from the cell extracts were separated on the pre-cast Tris-glycine gel (Invitrogen, Carlsbad, CA), blotted onto a nitrocellulose membrane. After blocking in TBST (10 mM Tris-HCl buffer, pH 8.0, 150 mM NaCl, 0.1 % Tween 20) containing 5 % (w/v) BSA, the membrane was treated with anti-IGFBP-3, IGFBP-3 receptor, Akt, pAkt, Bcl-xL, Bax, and Cytochrome C antibodies (all antibodies were used at 1:500 dilution) followed by incubation with horseradish peroxidase labeled secondary antibodies. The antigen-antibody complexes were detected using chemiluminescence reagent kit (Thermo Scientific).
Immunoprecipitation
After rinsing with phosphate-buffered saline (PBS), cells were lysed by freeze-thawing in lysis buffer containing the protease and phosphatase inhibitors for 20 min on ice. The cells were transferred into 1.5 ml Eppendorf tubes and cleared by centrifugation at 12,000 rpm for 20 min at 4°C. The cells containing an equal amount of protein from control and each treatment were incubated with appropriate antibodies overnight at 4°C at which time Protein A/G PLUS-agarose beads were added and incubation continued for 2 h with gentle rocking. The beads were washed three times with lysis buffer and once with PBS and the immunocomplexes were released by heating in Laemmli sample buffer and analyzed by Western blotting for the indicated molecules using their specific antibodies.
Immunofluorescence staining REC were grown on chamber slides. Once confluent, cells were transfected with IGFBP-3 plasmid DNA for 24 h. The cells were then washed with PBS and fixed with 4 % paraformaldehyde for 1 h. After blocking in normal goat serum, the cell slides were incubated with goat anti-mouse IGFBP-3 receptor antibodies (1:100) and goat anti-rabbit IGFBP-3 receptor antibodies (1:100) in a humidified chamber overnight at 4°C, followed by incubation with DyLight 594 goat anti-rabbit IgG antibodies (1:500) and FITC-goat anti-mouse IgG (H ? L) antibodies (1:500). Slides were mounted with mounting medium (Vectashield; Vector Laboratories, Burlingame, CA). Fluorescence images were captured using a confocal microscope.
Statistics
All the experiments were repeated three times, and the data are presented as mean ± SEM. Data was analyzed by a non-parametric Kruskal-Wallis 1-way ANOVA, followed by a Dunn's test with p values\0.05 considered statistically significant. In the case of Western blotting, one representative blot is shown. The control was normalized to 1 and the treatment was compared with control by fold change.
Results
High glucose induced REC cell death compared with normal glucose or high osmolar condition
RECs were cultured in normal glucose (5 mM), high osmolar (25 mM mannitol) or high glucose (25 mM) for 3 days and cell extracts were test for cell apoptosis. From the result of the cell death ELISA (A) or cleaved caspase 3 ELISA (B), we found that high glucose induced cell apoptosis, while samples cultured in high osmolarity were not significantly different compared to normal glucose samples (Fig. 1 ).
IGFBP-3 inhibited REC cell death in high ambient glucose in a dose-range manner
To determine the optimal dose for IGFBP-3's inhibition of REC cell death, REC were transfected with IGFBP-3 NB plasmid DNA with dose range from 0.5 to 1.0 lg/ml for 24 h in high ambient glucose. Results of the cell death ELISA and cleaved caspase 3 ELISA, shows that IGFBP-3 decreases cell death in high ambient glucose maximally at the 1 lg/ml dose (Fig. 2) .
IGFBP-3 induced IGFBP-3 receptor expression in high ambient glucose
It was recently reported that LRP-1/IGFBP-3 receptor is required for the growth response to IGFBP-3 [23] . Based on our hypothesis, we would expect increased IGFBP-3 Apoptosis (2013) 18:361-368 363
receptor expression compared to untreated REC after IGFBP-3NB transfection. Our results showed there was an increased IGFBP-3 overexpression after IGFBP-3 transfection (Fig. 3a) and also IGFBP-3 NB plasmid increased IGFBP-3 receptor expression (Fig. 3b) . Additionally, confocal imaging (Fig. 3c ) of REC transfected with IGFBP-3 plasmid DNA showed co-localized expression of both IGFBP-3 receptor and IGFBP-3, consistent with the results from Western blot and ELISA analyses.
IGFBP-3 binds to IGFBP-3 receptor in high ambient glucose
To further test whether IGFBP-3 and its receptor binding is required for the regulation of cell death, REC were transfected with IGFBP-3 NB plasmid DNA and cell extracts were prepared and analyzed for coimmunoprecipitation. In Fig. 4a , cell extracts were first incubated with anti-IGFBP-3 antibodies and then re-probed with IGFBP-3 receptor or IGFBP-3 antibodies. Data revealed cells transfected with IGFBP-3 NB plasmid DNA showed overexpression of IGFBP-3 and a high level of IGFBP-3/IGFBP-3R binding. In Fig. 4b , cell extracts were first incubated with anti-IGFBP-3 receptor antibodies and then re-probed with IGFBP-3 or IGFBP-3 receptor antibodies. It also showed a high level of IGFBP-3 and its receptor binding and overexpression of IGFBP-3 receptor (Fig. 4b) . Coimmunoprecipitation assays revealed that the IGFBP-3 receptor forms a complex with IGFBP-3 in response to IGFBP-3 plasmid DNA transfection.
IGFBP-3 inhibited REC cell death in high ambient glucose was dependent on IGFBP-3 receptor
We and others have reported that IGFBP-3 can inhibit REC apoptosis [15] . In order to ascertain whether this occurs through activation of the IGFBP-3 receptor, we transfected IGFBP-3 receptor siRNA to determine its role in IGFBP-3 protection of cell death (Fig. 5) . The results showed that IGFBP-3 receptor is required for IGFBP-3 to inhibit REC cell death in high ambient glucose.
Activation of IGFBP-3 receptor prevented REC apoptosis through activation of anti-apoptotic factors and down-regulation of pro-apoptotic factors
Analyses of key anti-apoptotic and pro-apoptotic factors demonstrated that IGFBP-3 receptor regulates cell death through increasing levels of Akt and Bcl-xL, while decreasing Cytochrome C, Bax and cleaved caspase 3 levels (Fig. 6) . These results are the first to demonstrate that IGFBP-3 binds its receptor to regulate apoptotic proteins.
Discussion
IGFBP-3 has been shown to have IGF/IGF-1R-independent biological actions on the cell growth, proliferation and angiogenesis in diabetes [15, [24] [25] [26] [27] . There has been intensive study on identifying molecular and cellular mechanisms for effects of IGFBP-3 in diabetic retinopathy both in vitro and in vivo. It was reported that IGFBP-3 and retinoid X receptor interaction can induce cancer cells apoptosis [28] [29] [30] ; IGFBP-3 can bind to caveolin-1 and beta 1-integrins to enhance breast epithelial cell aggregation [31] , and IGFBP-3 can bind transferrin to block smooth muscle cell proliferation [32] . Although these studies suggested that IGFBP-3 could mediate cell growth, the significance of the role of the binding partners remained unknown. Recently it was reported that TbR-V, which has the identical structure to LRP-1, served as the IGFBP-3 receptor in cancer cells and smooth muscle cells [22, 33, 34] . TbR-V is a non-proteoglycan TGF-b receptor, co-localizes with TGF-b receptors (type I, II, and III) and mediates growth activity in most cell types. LRP-1 is known to be involved in cellular catabolism, plasma clearance of LRP-1 ligands and mediates intracellular signaling [22] . Since the LRP-1/IGFBP-3 receptor had not been identified in the retina, our goal was to define a function for the IGFBP-3 receptor in REC. We now provide evidence that IGFBP-3 inhibition of REC apoptosis is mediated by the IGFBP-3 receptor. The molecular mechanism by which IGFBP-3 receptor mediates cell growth is largely unknown. In this work, we provide data to suggest that IGFBP-3 receptor is directly involved in IGFBP-3 functions in cell apoptosis. (1) REC transfected with IGFBP-3 plasmid DNA induced IGFBP-3 receptor expression; (2) IGFBP-3 inhibited REC apoptosis in a dose response pattern, which was blocked by IGFBP-3 receptor siRNA; and (3) IGFBP-3 and IGFBP-3 receptor bind each other tightly to form a complex by immunofluorescence staining and immunoprecipitation analyses. Based on our results and previous publications, we propose that IGFBP-3 binds its receptor to prevent apoptosis of retinal endothelial cells [22, 33, 34] .
To clarify the detailed mechanisms regarding to IGFBP-3 and its receptor in cell apoptosis, we used retinal endothelial cells in culture and investigated changes in DNA fragmentation and apoptosis markers when cells were transfected with IGFBP-3 plasmid DNA. To investigate whether that IGFBP-3 inhibit apoptosis of REC is IGFBP-3 receptordependent, we transfected IGFBP-3 receptor siRNA into REC. These data suggest that IGFBP-3 can decrease the apoptotic markers (Bax and Cytochrome C) and increase the anti-apoptotic proteins (Bcl-xL and Akt) compared with cells cultured in high glucose conditions. Additionally, the ability for IGFBP-3 to inhibit REC apoptosis is IGFBP-3 receptor dependent. The mechanisms by which IGFBP-3/ IGFBP-3 receptor can be anti-apoptotic for REC are unknown. Our results suggest that they could regulate the Bcl-2 family. Bcl-xL, a pro-survival member, can prevent the release of Cytochrome C from mitochondria [35] . Bax can mediate caspase-independent cell death via channelforming activities, which can also promote mitochondrial disruption [35] . The exact mechanism of how IGFBP-3/ IGFBP-3 receptor can regulate REC apoptosis and mitochondrial changes is a focus of future studies.
Endothelial cell dysfunction plays a prominent role in the pathophysiological complications of diabetic retinopathy. The findings that IGFBP-3/IGFBP-3 receptor inhibited REC cell apoptosis has many potential implications. IGFBP-3 receptor may regulate in the acceleration of diabetic mellitus. It is hoped further studies to regulate IGFBP systems will be useful in halting the progression of diabetic retinopathy.
